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Fig. 1. (a-b) Two users with different physical attributes such as differences in height, arm reach (horizontal
and vertical) and wrist angle range. (c) Users with specific physical attributes might find it easy to teleport,
(d) while users with different physical attributes might find it difficult. (¢) Our proposed a personalized
teleportation technique PAW that takes differences into account and personalizes the teleportation parabola
so that every user, regardless of their physical attributes, can perform the teleportations easily.

Virtual Reality (VR) headsets equipped with multiple cameras enable hands-only teleportation techniques
without requiring any physical controller. Hands-only teleportation is an effective alternative to controllers for
navigation tasks in virtual reality - allowing users to move from one point to another instantaneously. However,
the current implementation of hands-only techniques does not consider users’ physical attributes (e.g., arm’s
reach). Thus, a hands-only teleportation technique can lead to different user experiences based on physical
attributes. We propose PAWS, a personalized arm and wrist-based teleportation technique that incorporates
users’ physical attributes for improved teleportation experiences. We first evaluate different degrees of
teleportation personalization with no-, partial, and full personalization. We find that full personalization offers
faster locomotion - but at the cost of degraded performances with distant targets due to increased sensitivity.
We hence further explore different combinations of mapping functions (e.g., sigmoid, quadratic) to personalize
motor movements and find that asymmetric functions result in improved performance. Overall, our results
show that PAWS helps users to navigate quickly in virtual environments.
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1 INTRODUCTION

With the recent availability of on-device hand-tracking solutions in VR headsets, hands-only
teleportation is becoming a viable controller-free alternative. Hands-only methods relieve the
user from having to hold a controller allowing natural and rapid input (i.e. without needing to
strap on a device). Prior work has shown that such methods are intuitive and easy to use for VR
interaction and offer a rich design space [6, 11, 28, 44]. Consequently, researchers explored different
hands-only teleportation solutions leveraging hand movements [27, 30, 44, 51] to navigate from
one location to another in virtual environments. Results show that bare-hand techniques leads to
less motion-sickness and lower task loads than controller-based techniques, while still providing
intuitive and immersive experiences [30, 38].

Teleportation is already the default and primary locomotion technique in most commercial
VR games, applications and SDKSs, especially for small play environments [10, 17, 47]. Though
hands-only teleportation pointing can be considered as a potential alternative to controllers, it
has an inherent dependency on users’ physical attributes such as arm flexibility, wrist flexibility,
and range of movements. For instance, arm and wrist movements are leveraged in hand-based
techniques to control the teleportation pointer [6, 44]. However, the comfortable maxima and
minima of arm movements (dependent on arm span and shoulder flexibility) and wrist angles
can differ from user to user [41, 42]. Thus, different people may experience the same hands-only
teleportation technique differently based on their physical abilities and attributes (Figure 1c, d).

Personalization and adaptation of techniques according to users’ attributes have been explored
for various interactions such as cursor control in 2D interfaces [26], prototyping user interfaces
for Augmented Reality [7], generating custom game scenarios for Virtual Reality [40] and as a
general UI consideration [1, 20, 21, 32, 33]. Adapting techniques to users’ physical and/or perceptual
characteristics can lead to improved performances [29] and usability [26]. Although personalized
applications exist for VR contexts, to the best of our knowledge, no prior work explored leveraging
personalized arm and wrist movements to help users navigate in VR. This work is motivated by the
research hypothesis that personalization can be beneficial (regarding both user performances and
preferences) for teleportation. However, there are some gaps in previous work we need to explore
to validate this hypothesis, leading to two research questions:

e RQ1: To which extent should the technique be personalized? In other words, which combination
of physical attribute(s) involved in hands-only teleportation result in improved performances
when personalized?

e RQ2: How should the personalization of motor movements be remapped to the personalized
motor ranges?

We report on two user studies exploring the research hypothesis and our two research questions
(RQ1 and RQ2) regarding the benefits and drawbacks of teleportation personalization. The first
user study addresses RQ1 to explore possible combinations of physical attributes available for
personalization. We investigate and compare no-personalization, partial personalization (i.e., only
arm vertical range), and full personalization (i.e., wrist and arm ranges personalization). Results
reveal that users are faster with full personalization than with the other two techniques (RQ1).
However, with all techniques, there is an increase in sensitivity due to the re-mapping of the
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motor range, and performance degrades for distant targets. This effect is due to reduced motor
stability and control in poses required to reach such distant targets. We hence perform a second
user study to address RQ2 to further explore different sensitivity mapping functions (e.g., sigmoid,
inverse-sigmoid, quadratic) for three movement ranges: arm extension/retraction range, arm vertical
movement range and wrist extension/flexion range. Each sensitivity function combination leads to
the parabolic pointer movement becoming more or less stable (i.e., precise or coarse) in response
to hand movements in different ranges of movements. Results show that users’ teleportation
performance improved when using adapted sensitivity mapping functions: sigmoid or inverse
sigmoid mappings for arm vertical and flexion/extension movements, and a quadratic mapping for
wrist movements.

Our contributions include: (i) PAWS - a personalized arm and wrist-based teleportation technique
for virtual environments; (ii) A performance comparison of different teleportation techniques
varying the degree of personalization; (iii) An exploration of different mapping functions to remedy
increased sensitivity due to personalization;

2 BACKGROUND AND RELATED WORK

Our work builds on previous research on teleportation, hands-only locomotion, and personalization
techniques. We investigate hands-only teleportation since the next-generation of head-mounted
displays [2, 48] include hands-only controls, hence warranting further investigation into this form
of input for locomotion as it is a crucial part of VR. Thus, we focus on the parabolic pointer
teleportation technique - the de-facto standard in most commercial controller-based applications
and used in previous work [3, 10, 17]. We present an overview of the prior work in these related
areas.

2.1 Teleportation

Two common types of locomotion are widely explored in prior work: continuous and instant.
With a continuous locomotion technique, users move to their destination while simulating a real-
world movement such as walking, flying, or being in a vehicle. On the other hand, with an instant
locomotion technique, users instantly move to the destination, removing the intermediate steps
and movements. Teleportation as an instant locomotion method for VR was first introduced by
"The Jumper Metaphor" [4]. With Jumper, users are automatically teleported to the destination they
are looking at after a certain amount of time. "Point and Teleport" [6] allows an explicit destination
selection by allowing users to aim in the environment with a straight line-based pointer. The system
performs the teleportation after pointing at a specific point for a pre-defined amount of time. When
comparing teleportation to prevalent VR locomotion techniques such as "Walking in Place" [45]
and traditional joystick controllers, researchers showed that teleportation caused significantly less
VR sickness, was easy to understand, was preferred by users, and caused less fatigue than the other
techniques [5, 6]. The reasons for the popularity and the widespread acceptability of teleportation
are manifold. Indeed, teleportation provides high levels of enjoyment and presence, low discomfort
[18], is easy to use and is highly preferred by users [5]. Additionally, the non-continuous nature
of a teleportation results in users experiencing very little VR sickness [18, 34] while maintaining
an acceptable level of spatial awareness. Though a straight line pointer was used in "Point and
Teleport", the curved parabolic pointer has become standard for locomotion in commercial and
general-purpose VR applications and games [19, 34]. Willich et al. [49] explored various foot
based techniques to control the parabolic teleportation pointer using the foot’s 3D position and
applied pressure on the sole of the foot. The authors noted that controller-free teleportation was an
important area for exploration as it allowed users to perform natural hand interactions in VR. The
parabolic pointer provides a visual indication of the possible destinations by always landing top to
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bottom on a plane. This provides an intuitive understanding of the topography to the user [15]. It
is the default teleportation pointing method with most VR software development kits [36, 37, 47].

2.2 Controller-Free Locomotion

Recent works have explored hand-only interaction for teleportation with hand-tracking capabilities.
Mine et al. [35] proposed one of the first hand-based works, with techniques designed to control
the motion direction via users’ hand position and orientation. The authors noted that mapping
physical motion (e.g., hand movement) to virtual movement is one of the most intuitive means of
transportation through a virtual world. Similarly, Chastine et al. [9] explored a locomotion technique
allowing users to navigate in VR using the relative distance between their palm and a leap motion
device. They noted that users could intuitively use controller-free techniques without little to no
training, even though hardware-based techniques performed better in accuracy. Ferracani et al.
[16] designed and compared four controller-free techniques, with two gesture-based locomotion
techniques named "Tap" and "Push". Authors compared Tap with other locomotion techniques such
as Walking-in-place where users move their legs up and down in walking motion, yet remaining in
the same spot [45] and Swing where users swing their arms beside their body similar to jogging
[38]. Results revealed that pointing with Tap provided higher accuracy, lower fatigue and higher
perceived immersion than the other techniques.

Instant locomotion has mostly been explored for controller-based applications [10, 17] while
hands-only implementations have not been as thoroughly explored. With "Point and teleport", user
points their index finger to the target destination [6]. Authors showed that the technique requires
less cognitive load and was more usable and user-friendly than physical controllers (i.e., joystick).
Schafer et al. [44] explored single-handed and two-handed gestures and timeouts for teleportation
confirmation, not for the control of the parabolic pointer ray. Results from a user study showed
that their teleportation had a high level of usability and offered ease of use. For WriArm [11],
researchers explored using combined wrist and arm movements for hands-only teleportation with
separate gestures for each action. They investigated a combination of wrist and arm movements
to control the parabolic pointer and showed that WriArm provided faster teleportation than arm
based techniques. Since previous works already establish the usability and benefits of hands-only
locomotion as an alternative to controllers, we focus on hands-only locomotion.

2.3 Interaction Personalization

Arazy et al. [1] defined the term "personalization" as an effective way to accommodate individuals’
differences into the design of user interfaces. For example, recommending content, tailoring user
interfaces, or adapting the behaviour of a system to match the user’s needs - thus supporting
personalization [26, 33, 40]. Differentiating between calibration and personalization is a terminology
interpretation of: while both attempt to improve the user experience by making the system more
effective, personalization focuses on individualizing the experience for each user, while calibration
focuses on optimizing the system’s performance (usually accuracy or precision) overall. For instance,
Hammond et al. [33] showed that users prefer personalized pointing techniques for web navigation.
More specifically, users prefer a system that adapts to pointer movements over time while also
considering user preferences to overcome any physical limitations. Hourcade et al. [26] showed that
adapting the pointing speed according to users personal abilities improved pointing accuracy and
intuitiveness, with children and adults benefiting the most when navigating the web in 2D interfaces.
Broll et al. [7] analyzed the requirements for AR applications from different user groups and found
that a single user interaction technique cannot satisfy every user’s needs. They hence recommend
designing personalized interfaces for augmented reality. Martin et al. [32] conducted design sessions
with older and younger adults with accessibility issues such as limited hand dexterity. They showed
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that personalization or adaptation is critical to prevent certain groups from being disadvantaged
by the system. In "Tailored Virtual Reality" [40], authors present user-tailored VR exercises for
smart physiotherapy and show that personalized VR applications provide better understanding
and motivation for users to continue using the application. From these previous works, it can be
identified that users with varying physical attributes require systems to be adapted and personalized
for equal usability. As a result, we explore personalizing hands-only teleportation, as it would allow
every user an equal experience in the exploration of virtual worlds. In a recent work, Chowdhury
et al. [11] explored wrist and arm-based teleportation without considering differences in physical
attributes (e.g., arm length) and suggested future investigation considering users physical attributes.

With hand-tracking, the differences in physical attributes and motion range become more
apparent as some users face disadvantages and require longer times traversing heights or distances.
We explore solutions improving upon parabolic teleportation for bare-handed VR to reduce such
issues.

3 HANDS-ONLY PARABOLA POINTER CONTROL
3.1 Components to control a parabolic pointer

Users should be able to manipulate four components to fully control a parabolic pointer: the origin,
the direction, the launch angle, and the distance. These components can be controlled with solely
hand- and wrist-based movements. The Origin and Direction and Launch Angle of our technique
are similar to Point and Teleport [6] and WriArm [11].

e Origin and Direction (Figure 2a): Intrinsic to mid-air pointing techniques, the parabolic ray
starts from the user’ hand. Casting direction mainly relies on arm and wrist orientation [5, 11,
12, 30, 51]. The arm provides coarse, rapid and large pointer movements, and the wrist offers
more control for precise pointer movements.

e Launch angle (Figure 2b): The parabola’s launch angle is fully controlled by the wrist’s up-
ward/extension and downward/flexion movements.

e Distance (Figure 2c): The distance traveled by the parabola can be computed from the force
a projectile would be launched from the origin on a given launch angle. We introduce "force-
control", which allows users to operate on the parabolic end-point distance by modifying the
"force" used to compute the parabola. Users decrease or increase the distance of the parabola’s
end-point by retracting or extending their arm respectively. Allowing users to control the force
of the parabola - and hence the traveled distance - is similar to Skyport (for mid air targets) [34].
We included this feature as we saw in our pilot that along with wrist movements, force-control

Fig. 2. (a) A user can control the ray origin and direction via arm and wrist orientation. (b) Launch angle
is controlled by the wrist’s upward/extension and downward/flexion movements. (c) The user can reach a
further distance via arm extension and retraction movements, and (d) by moving their hand vertically up or
down.
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allows users to avoid going to extreme wrist angles for difficult destinations by increasing or
decreasing the force.

However, the distances and heights users can reach with teleportation are different for users with
different arm lengths, flexibility of arm movement (extension and vertical ranges), and/or flexibility
of wrist movement. To provide a similar experience to every user and remove this bias, we next
discuss the need to personalize the interaction input based on users physical attributes. This would
ensure that all users can have similar teleportation experience regardless of their physical attributes.
For example, if a user can only tilt their wrist to a minimum of -50° and a maximum of 50° whereas
navigating the environment requires to reach a minimum and a maximum of -75° and 75°, then
their [-50, +50] range can be mapped to the [-75, +75] range in the technique.

3.2 Levels of Personalization on Teleportation

With arm and wrist movements, attributes that can be personalized are: the arm extension and re-
traction range to manipulate the distance via the "force-control” mechanism (Agjst), the arm vertical
movement range to control the origin (Aeyi), and the wrist upward/extension and downward/flexion
range to control the launch angle (Wangle). However, it is not clear if all these attributes warrant
a personalized counter-part, or only a combination of them. We can have the following attribute
combinations:

e One attribute personalization (Agist, Aori> O Wangle),
e Two attributes personalization (Agist + Aori, Adist + Wangle> OF Aori + Wangle)s
e all three attributes personalization (Agist + Aori + Wangle)-

To reduce the number of combinations, we ran a pilot study to exclude options which did not
bring any noticeable improvement. As a result, we narrow down our exploration to three candidates:
the baseline (standard arm and wrist movements), baseline + Personalized Ag;s; (PAdist), and fully
Personalized Agist + Aori + Wangle (PAW).

e Baseline: The baseline is set from generic users who can reach targets inside a 12m® box. The
origin and the direction of the parabola follow a 1:1 (absolute) mapping with the hand’s
location and orientation. The standard comfortable arm vertical range - without personalization -
is set to [-0.4 m, +0.5 m] from the headset. The arm flexion/extension movements control the
distance, i.e., the force at which the parabola is ejected (originally constant, F = 12 m/s). The
standard comfortable arm flexion/extension range - without personalization - is set to [0.11 m,
0.6 m], corresponding to a force in the range F = [1, 12]. The wrist angle is used to control the
parabola launch angle. When the wrist is parallel to the ground, the parabola is launched at 0°
(i.e., base position). The angle of the wrist is calculated as the angle of the wrist from this base
position. The user can move their wrists upward (i.e., extension), and downward (i.e., flexion)
to control the launch angle. The standard comfortable wrist flexion/extension range - without
personalization - is set to [-55°, +70° ].

e Personalized Arm (PAdist): The horizontal and vertical movement range of the arm also has
an effect on the parabola’s origin and direction and the force-control mechanism, resulting in
different minimum and maximum parabola distances for different users. We used the distance
between the wrist and the body (i.e., via the HMD position) to measure horizontal and vertical
arm extensions and retraction. Before using the system, users extend and retract their arm to
comfortable maximum and minimum distances. These minimum and maximum values were
recorded and then used by the system to adapt the force so that the minimum and maximum
force values (i.e., [1, 12] in our settings) could be achieved by the user. If the user arm exten-
sion/retraction value falls between Army,, and Army;,, and the force falls between Forcepqx
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and Forcepsin, we use the following linear formula:
Y = (X — Armpin) [ (Armpgax — Armpgin) * (Forceprax — Forcepin) + Forcepin)

e Fully Personalized Arm and Wrist (PAW): Before using the system, users aim towards high and
low destinations for the system to record their maximum and minimum wrist angle and arm
vertical ranges. Similarly, users also extend and retract their arm to comfortable maximum and
minimum distances. The system then considers these three comfortable ranges instead of the
three standard ranges used by the baseline.

The baseline parameters need to reflect users with average height and arm length as they are
correlated[42] and strongly influence users’ teleportation performances. The comfortable standard
values were estimated by taking averages from multiple people (N=3) around the average male
height (178 cm) for the local country [14] who were able to navigate the environment comfortably.
For all techniques, to improve the usability of the parabolic pointer, we use Kalman filters to increase
the pointer stability. Similar to other works dealing with the same effect during pointing [50], we
add a last-second spike compensation when performing the confirmation gesture to avoid any
instability caused by unintended trigger movements. When the gesture is performed, the system
immediately analyzes the last 30 frames of pointer locations to detect any abrupt or sudden changes
(i.e., spikes) in the pointer location. If such a spike is found, the location before the spike is used for
selection. .

4 STUDY 1: EXPLORING DIFFERENT LEVELS OF PERSONALIZATION ON
TELEPORTATION

The goal of this study is to explore whether there are certain personalized combinations of physical
attributes that provide more benefits than others (RQ1).

4.1 Participants

We recruited 12 right-handed participants (8 male) with a height of 165 cm and below (mean height
= 162.5, SD = 3.5), ages 19 to 35 (mean age = 24.3, SD = 4.1). The system recorded average arm
vertical range from -0.40m (SD = 0.09) to 0.32m (SD = 0.14) and average arm horizontal range
form 0.19m (SD = 0.37) to 0.51m (SD = 0.06). The baseline users ranges reported in section 3.2 and
these values are both reported from a reference point of the headset as the camera based hand
tracking setup on the Quest 2 does not support tracking the shoulder. Participants were recruited
using on-campus flyers and word-to-mouth, and received $15 as honorarium for participating in
the study. Eight of the 12 participants had prior experience using VR. All eight participants were
familiar with controller-based teleportation.

4.2 Apparatus

We used the Oculus Quest 2 VR headset for its built-in cameras and the Oculus Hand Tracking
SDK for hand tracking instead of marker-based or external motion tracking solutions. Unity 3D
(2020.3.33f1) was used for the primary development software along with C# scripting to design and
develop the techniques and the virtual environment. We used the MRTK SDK to access real-time
tracking data on key points on users’ hands such as their palm and finger joints. Oculus Wireless
Link was used for rapid development on a computer with RTX 3070 GPU. Note that the user
study was conducted solely on the Quest 2 headset itself, without any connections to computer,
representing real-world usage. The data logged during study sessions was automatically transferred
from the headset to a Cloud-Firestore database.

4.3 Experimental Task, Procedure and Design
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4.3.1 Task. Participants performed teleportations to a set of destinations for each technique as
shown in Figure 3. For our controlled in-lab evaluation, we bound teleportation possibilities to (i)
platforms via (ii) a single move.

e Platforms: this choice allows us to precisely control each teleportation distance and elevation
[10]. Even though in teleportation, the user instantly moves to the destination, we provide users
with a place to stand on rather than suspend in mid-air. Platforms fit a metaphor of terrain-
based elevation changes while limiting navigation options to our pre-determined experimental
conditions (distance, height).

o Single move: this choice also allows us to precisely control experimental conditions in order
to generalize conclusions. Indeed, it would not be possible to conclude on far teleportations if
users chose to perform multiple close moves for instance. Enforcing one teleportation per trial
provides the option to cover all conditions while still allowing extrapolations of real conditions
(e.g., if users prefer to perform several teleportations for far away targets, we have data for close
distances). Additionally, this reduces participants disorientation during the experiment [6, 19].

Each destination was marked with red semi-transparent sphere of 0.5 meter diameter placed
on top of a 1-meter square meter platform. A downward arrow was placed above the sphere to
facilitate the target search in the VR environment. Only one target destination (i.e., platform, arrow
and the sphere) was visible to the user (Figure 3a) without any occlusion. The color of the sphere
and the parabolic pointer change from red to green participants aim the pointer at the sphere,
visually showing that are correctly aiming at the target (Figure 2b). Participants can use a hand
gesture from the MRTK SDK [43] (i.e., closing their index finger) to teleport to the target platform.
Note that issuing confirmation gestures to a non-platform was disabled during the study and
recorded as an error, similar strategies are used to restrict users from teleporting to out-of-bound
areas in VR games [46]. Once participants issued a confirmation gesture to the target sphere,
audio feedback was provided indicating successful teleportation. The next destination appeared
only after a successful teleportation (Figure 3b). In summary, each teleportation required finding
the next destination target, aiming at it, and confirming the teleportation. We define the set of
destinations by considering two main aspects: distance from users, and height variation from their
current elevation. The angle at which the target appeared was randomized between -45° and +45°,
alternating between positive and negative angles for every target to reduce directional bias and
ensure that no two consecutive teleportations were placed in the same direction.

Fig. 3. Teleportation with Height variation and Distance factors. (a) A user controls the pointer with arm and
wrist movements (Height variation: from Om to 5 m and Distance: 10.5 m). (b) The color of the parabolic pointer
and the sphere changes from red to green once participants successfully aim the pointer at the sphere (Height
variation: from 0 m to 2.5 m and Distance: 7.0 m). (c) The user is teleported to the target platform once they
issue a hand gesture for selection (i.e., closing their index finger) and looks down to the next target location.
(Height variation: from 5 m to 0 m and Distance: 3.5 m)
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e Distance: Previous work focusing on 3D teleportation used different distance ranges, such as 7
m and 14 m [34], 10 m [44], or 2 m and 4 m [19]. Note that our task is different since we also vary
elevation, which has not been investigated yet in combination. We hence ran a pilot study where
we observed that users could teleport up to a 10.5 m distance when the targets were elevated.
Therefore, we included 3.5 m, 7.0 m and 10.5 m as teleportation distances, which covers the range
[3.5 m, 11.6 m] when considering both target distance and elevation (i.e., leading to diagonals
longer than the distance alone).

e Height variation: We define height variation as the height difference between the current user
position and the target location. This variation can be positive (target on a higher level than the
user) or negative (target on a lower level than the user). Matviienko et al. [34] recently considered
vertical heights without varying distances: destinations targets were positioned only vertically
(up or down). In our study, we consider the combination of height variation and distance similar
to WriArm [11], leading to more realistic destination placements while ensuring fully controlled
settings. Our initial pilot study showed that, with our 10.5 m maximum distance, an elevation
of 5 m is a comfortable maximum height difference for a maximal diagonal distance of 11.6 m.
We hence consider elevations of 2.5 m and 5 m, leading to planar trajectories (from 0 m to 0 m),
upward trajectories (from 0 m to 2.5 m or 0 m to 5 m), and downward trajectories (from 2.5 m to
0 m or 5 m to 0 m) for height variation.

4.3.2  Procedure. During the study, each participant wore the Quest 2 headset without controllers,
and stood in an empty 2X2 meter space. Participants started with a brief introduction to VR,
locomotion, teleportation, and the study itself including explanations of each technique. With each
technique, participants first performed 30 practice trials. Then they performed two blocks of 45
trials (i.e., 3 Distance X 5 Height variation X 3 repetitions), with a 2 minutes break in-between
blocks to avoid arm fatigue. After completing the 90 trials, we asked participants to remove the
headset to get a seated 3-minute break. During each break we asked the participant for their
perceived VR sickness on 20 point scale [34]. We repeated this process with the next Technique for
all three techniques. Each participant completed 3 Techniques X 3 Distance X 5 Height variation X 3
repetitions X 2 blocks for each technique = 270 trials. After the experiment, participants filled out
a questionnaire to collect demographic information and feedback on each Technique. Collecting
feedback after finishing all the combinations allows participants to compare and contrast the
techniques [22, 23, 39]. Each session lasted between 45 minutes and 1 hour.

4.3.3 Design. We used a within-subjects design with Technique as the primary independent variable
with 3 levels (Baseline, Personalized Arm Force Control (PAdist), and Personalized Arm and Wrist
(PAW)). The order of Technique was counter-balanced across participants using a balanced Latin
square. We also consider Distance (3.5 m, 7.5 m,11.5 m) and Height variation (from 0 m to 0 m, from
0 m to 2.5 m, from 0 m to 5 m, from 2.5 m to 0 m and from 5 m to 0 m). Distance and Height were
presented randomly for each technique.

The primary measures computed from logs were Trial Time and Error Rate. Trial Time is the
time taken to teleport to a destination. Participants are required to teleport to a ‘start’ platform at
the beginning of each technique. After teleporting to this ‘start’ platform, a trial begins and the
timer starts (i.e., start time). Once they teleport to the next platform, the timer stops (i.e., end time).
We subtract the start time from the end time to calculate the trial time. Note that once the timer
stops, a new timer starts to record the start time for the next teleportation. This is repeated for each
destination to measure the trial time of each teleportation. Error Rate is amount of times the user
tried to teleport while not correctly selecting the destination. We also collected subjective measures
via questionnaires. In summary, we had: 3 techniques x 3 Distances X 5 Height X 6 repetitions = 270
trials per participant.
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4.4 Results

4.4.1 Trial time. We use a repeated measures ANOVA and post-hoc pairwise comparisons to
analyze the mean trial time. We add Cohen’s d for reporting the effect size for pairwise comparisons
and use the following values for the interpretations of the different effect size: 0.2 for small, 0.5
for medium and 0.8 for large - as suggested by Cohen [13]. Technique has a significant effect
(Fy,20 = 7.70, p < 0.01, n* = 0.41) (Figure 4a). Users are significantly faster with PAW (mean 2.56s,
SE 0.13) than PAdist (mean 2.74s, SE 0.13, Cohen’s d 0.41) and Baseline (mean 2.85s, SE 0.10, Cohen’s
d 0.70). Results also reveal that Distance has significant effects on trial time (Fy 2, = 38.30, p < 0.001,
n? = 0.77): Users are significantly slower with targets located at 10.5 m (mean 3.05s, SE 0.13) than
with targets located at 7.0 m (mean 2.60s, SE 0.11, Cohen’s d 1.15) and 3.5 m (mean 2.50s, SE 0.11,
Cohen’s d 1.33) from the user. We also observe a significant effect for Height variation on trial time
(Fa44 = 38.72, p < 0.001, n* = 0.78). Post-hoc pairwise comparisons between Height variation show
that users are significantly slower for navigating to extreme upward trajectories (i.e., from 0 m to
5 m), with a mean trial time of 3.40s (SE 0.14), than when teleporting to other height variations.
We also observe similar results for extreme downward trajectories: going from 5 m to 0 m (mean
2.77s, SE 0.13) is significantly slower than other height variations except for the upward height
variation from 0 m to 2.5 m. Results also reveal that navigating from 0 m to 2.5 m (mean 2.65s,
SE 0.12) is significantly slower than going to a planar trajectory (from 0 m to 0 m, mean 2.38, SE
0.10, Cohen’s d 0.70). Though we didn’t observe any interaction effect Technique X Height variation
(Fs88 = 0.90, p = 0.52), Technique X Distance (Fs 44 = 1.42, p = 0.24) we notice interaction effect for
Height variation X Distance (Fggs = 13.27, p < 0.001). In addition, the trial time differences between
height changes disappear with increased distances, except for the highest height change (from 0 m
to 5 m), which remains significantly slower than all others across all distances. the main source for
the overall poor performance across different distances.

4.4.2  Error Rate. We use Friedman tests with Wilcoxon tests for post-hoc pairwise comparisons to
analyze error rates (Figure 4b). The overall error rate is 15.57%. There is no significant difference in
error rates regarding Technique (y?(2, N = 12) = 2.68, p = 0.26) and Height variation (y*(4,N =
12) = 8.99, p = 0.06). Distance has a significant effect on error rate (y*(2, N = 12) = 12.81,p < 0.05).
Pairwise comparisons show that close distances (mean 12%) lead to significantly fewer errors than
mid (mean 17%) (z = —2.35, p < .01) and far distances (mean 18%) (z = —2.93, p < .01). We observe
interaction effect for Height variation X Distance (Fggg = 2.42, p < 0.05). Similar to the trial time,
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Fig. 4. Mean (a) trial time and (b) error rate across the techniques. (c) Users ratings on baseline, PAdist, and
PAW based on their preference, fatigue, speed, accuracy and easiness. Error bars show the 95% Cls.
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we notice that differences between error rates disappear with increased distances. There are no
interaction effect for Technique X Height variation (Fggg = 0.58, p = 0.79) and Technique X Distance
(Fiaa = 1.69, p = 0.17).

4.4.3  Preference Scores and Subjective Feedback. We collected users feedback on their preference,
fatigue, speed, accuracy and easiness on a 5-point Likert scale for each technique. We perform our
analysis with Wilcoxon Signed Ranked Tests. Figure 4c shows the median ratings for Technique. We
observe that Technique has a significant effect on users’ preference (y*(2, N = 12) = 12.05, p < 0.01).
PAW and PAdist, both with a median rating of 4, are significantly different from the baseline (median
2.5) on users’ preference (z = —2.44,p < 0.05 and z = —3.17,p < 0.01, respectively). There is no
other pairwise statistically significant differences. However, we observed favorable mean user
ratings with PAW and PAdist for all other categories: fatigue (PAW 1.58 vs. PAdist 2.08 vs. baseline
2.25 where a lower value indicates less arm fatigue), speed (PAW 4.00 vs. PAdist 4.08 vs. baseline 3.08
where a higher value suggests a faster technique), accuracy (PAW 4.25 vs. PAdist 4.17 vs. baseline
3.50 where a higher value indicates a more accurate technique) and easiness (PAW 4.25 vs. PAdist
4.17 vs. baseline 3.67 where a higher value indicates an easier technique). No notable VR sickness
was reported by participants for any of the techniques. Participants also provided positive feedback
on both personalized techniques, PAW and PAdist. For instance, participants commented that both
"PAW and PAdist performed better than the baseline” [P11], and that they felt "more comfortable”
when using PAW [P5, P7]. However, they expressed that destinations were challenging to reach
due to the sensitivity of the pointer. Thus, we next explore different sensitivity functions allowing
a more fine-grained pointer control.

4.5 Discussion

RQ1: To which extent should the technique be personalized?

Users are significantly faster with full personalization, when all three attributes are personalized
(i.e., PAWS) than partial with personalization (i.e., PAdist) and with no personalization (i.e., baseline).
This is also reflected in users’ subjective ratings revealing preference for personalized techniques
- PAWS and PAdist. This shows that PAWS helps users with limited arm movements and wrist
flexion/extension abilities.

Results also indicate that reaching distant and elevated targets is more difficult than in other
locations. This is primarily due to distant and elevated targets while requiring users to reach their
maximum comfortable (Agist, Aori, andWangle) ranges. These maximum ranges offer less control and
stability, which is also explained by the relatively high error rates for these distant targets. This
warrants further investigation to explore solutions to counteract the reduced control and stability
for these target locations.

5 STUDY 2: EXPLORING SENSITIVITY FUNCTIONS

Our first study explored personalizing the parabola controls based on individual physical attributes.
Using personalized arm and wrist movements ranges effectively allowed a user to teleport faster
than no personalization. However, we noticed that there was a performance degradation for difficult-
to-reach targets located to a distant and highly elevated platform. We observed that these difficult
to reach destinations usually required large arm extension and wrist angles, which create body
postures inadequate for precise and stable movements. Users with a lower range of motion for one
or more attributes face an increased sensitivity as a trade-off. This is intuitive as controlling a large
movement range using a smaller available range will result in some loss of fine-grained control.
Previous work has shown that different sensitivity curves [41] can provide additional benefits for
such motor movements (e.g., wrist movement).
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In this follow-up study, we evaluate the effectiveness of mapping functions (RQ2) that consider
the associations between motor movements and sensitivity as a remedy to the sensitivity trade-offs
of personalization. We explore several sensitivity functions and their combinations tailored to the
PAW technique. Recall that PAW uses three movement ranges that can be personalized: the arm
extension and retraction range to manipulate the distance via the "force-control” mechanism (Agist),
the arm vertical movement range to control the origin (Ay), and the wrist upward/extension and
downward/flexion range to control the launch angle (Wyngle). For each of these ranges, the user
might have more or less control and stability over their movements in the beginning of the range,
the middle of the range, or the end of the range. We hence explore suitable sensitivity functions for
each movement range. To evaluate their performance, especially for difficult to reach destinations,
we run a final user study with the most promising curve combinations and test if using sensitivity
curves provide any benefit in hands-only VR teleportation with PAW.

5.1 Sensitivity Functions

Beside linear mapping (study 1), we consider two other candidates and their inverse: quadratic
(bell) and sigmoid.

e The quadratic function creates a mapping with a fine-grained control (less stable) control in the
middle range and coarse control (more stable) controls near the extremes. On the opposite, the
inverse quadratic function leads to a coarse control control in the middle range and fine-grained
controls toward the extremes. Both the quadratic function and its inverse are symmetric, i.e.
swapping low and high values would lead to the same results. The formula y = —a (x — h)* + k
can be used to map the pointer movement sensitivity between a range of 0 to 100, for any input x,
where the mapped output sensitivity is y. Here ‘a’ defines a quarter of the full range, ‘h’ defines
the midpoint and ‘k’ defines the max of the range. The constants a, h, and k can be fine-tuned
based on the context: For a sensitivity range between 0 to 100, we used a = 1/25, h =50 and k =
100.

e The sigmoid function creates a mapping with fine-grained control (less stable) for low values,
and with coarse control (more stable) for the higher range. On the opposite, the inverse sigmoid
function creates a mirrored mapping. Thus, the sigmoid functions are asymmetric. The formula
Yy =7 +‘1229C,, can be used to map the pointer movement sensitivity between a range of 0 to 100,
for any input x where the mapped output sensitivity is y. Similar to the quadratic mapping, the
constants p and c can be optimized based on the implementation whereas in our implementation,
we used ¢ = 0.1, p = 5 and k = 100. Here ‘c’, ‘p’ determines the midpoint of the sensitivity range,
larger values move the midpoint higher, and lower values move the midpoint lower. Our values
put it at the exact midpoint. The formula can also be solved for x, to get the inverse Sigmoid
sensitivity.

5.2 Association Between Motor Movements and Sensitivity Functions

5.2.1 Arm Movements. Teleporting to destinations that are especially higher, lower or distant
require far arm horizontal extension (Agist) and high arm vertical movement (Ayy). Previous work
by Ramos et al. [24] have shown that when the arm is higher or farther from its resting position
near the body, movements take more effort and torque whereas center position are optimal for
interaction. We hypothesize that this also applies in our context with users having less stability and
control when the arm is extended far or high up. This is supported by our observations during the
first study: when the arm was close to the body, users rested their elbow on their torso to enhance
their arm stability and control. However, when the arm is extended or higher up, users do not
have this extra support. Consequently, we consider arm movements as asymmetric and exclude
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symmetric functions (i.e., quadratic). We hence explore the two sigmoid and inverse-sigmoid
functions with arm as shown in Figure 5a.

5.2.2  Wrist Movement. Teleporting to-and-from higher destinations requires large wrist upward/extension
and downward/flexion angles (Wangle). As flexibility and stability of the wrist can differ based on

the angle of the wrist, some positions may be harder to hold stable. We observed in our previous

study that for high destinations, users typically perform very steep wrist angles. Previous work

[41] showed that symmetric quadratic sensitivity curves work the best for wrist movement as the
middle range of Wyngle is more steady than extreme angles. We hence use a symmetric quadratic
sensitivity curve for the wrist movement, so that extreme angles benefit from a more stable (coarse)
control than the middle range (Figure 5e).

5.3 Evaluated Techniques

Mapping sensitivity functions (i.e., four functions: quadratic and sigmoid and their inverse variants)
with arm (Agist and Aori) and wrist movements (Wangle) leads to 4 x4 X4 = 64 combinations. However,
investigating all these combinations with a study is practically unfeasible. Therefore, we decided on
the combinations based on a pilot study and prior work related to mapping sensitivity functions to
motor controls. In the pilot study (N=4), we only used four sensitivity functions (i.e., quadratic and
sigmoid and their inverse variants) to map with arm (Agist and Aori) and wrist movements (Wangle).
We used the same teleportation tasks as in Study 1 where participants were required to teleport to a
platform. However, we only investigated difficult conditions: 10.5 m distance, and height variations
from 0 m to 5 m and from 5 m to 0 m conditions. During the pilot study, we observed that quadratic
functions works better for wrist movement mapping, and sigmoid or inverse sigmoid functions are
more suitable than others for arm movement mapping. Interestingly, we observed that participants’
performance degraded when using two different functions for Agiss and Aoyi. Therefore, we came
up with the following techniques consisting of PAW with added sensitivity functions (i.e. PAWS+S
where S = SSQ, IIQ, SIQ, ISQ). Names are given only based on the sensitivity function initials for
the sake of brevity. Note that for all the techniques except for PAW, we used a quadratic function
to map wrist angles (Wangle) to the pointer movements.

e PAW: PAW involves linear functions to remap all movements - the arm horizontal extension
(Agist), the arm vertical movement (Aoy), and the wrist angles (Wjngle) to control the parabolic
pointer movement.

e SSQ (Sigmoid-Sigmoid-Quadratic): SSQ uses the same Sigmoid function for both the horizontal
arm extension (Agist) and the vertical arm movement (A,,i). We anticipate that SSQ can provide
less sensitivity (high degree of stabilization and control of the pointer) when the arm is high
and/or extended, and more sensitivity when the arm is low or near the user’s body (Figure 5a, b).

o IIQ (Inverse Sigmoid-Inverse Sigmoid-Quadratic): IIQ uses an inverse sigmoid function for both
the horizontal arm extension (Ag;st) and the vertical arm movement (Aoy). This technique would
allow users to rapidly move the pointer with more sensitivity when the arm is high and far, and
the inverse when the arm is near or low (Figure 5a, c).

o SIQ (Sigmoid-Inverse Sigmoid-Quadratic): SIQ uses a sigmoid function for the horizontal arm
extension (Agist) and an inverse sigmoid function for the vertical arm movement (Aqyi). With this
technique, users have a less sensitive pointer (i.e., more stabilization) when the arm is low and
far, and the inverse when it is high and close (Figure 5a).

o ISQ (Inverse Sigmoid-Sigmoid-Quadratic): This mapping - the opposite of SIQ - uses an inverse
sigmoid function for the horizontal arm extension (Agist), and a sigmoid function for the vertical
arm movement (Aori). ISQ would offer users less sensitive pointers (i.e., more stabilization) when
the arm is high and close, and the inverse when the arm is low and far (Figure 5a).
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Fig. 5. (a) The sensitivity curves for each motor movement. Appearing left to right in sequence: SSQ, 11Q, SIQ
and ISQ, (b-d) The result of the sensitivity curve combinations is shown with gradients. A stronger color in the
gradient indicates higher stability (i.e., coarse movements), and a weaker color indicates lower stability (i.e.,
fine-grained movements). Note that the effect for arm movement (Agjs; and Aqyi) is only shown in (b) SSQ and
(c) 11Q, excluding the wrist movement (Wypgle)- (d) Wrist uses a quadratic function where upward/extension
and downward/flexion extreme angles benefit from a more stable control than the middle range.

5.4 Participants

Fifteen right-handed participants (mean age = 25.1, SD = 4.04, mean height = 163.7, SD = 6.18, 5
females), between the age 19 and 32 were recruited from a local university using on-campus flyers
and word-of-mouth. Participants were compensated with a $15 gift card for their participation.
Eleven participants had prior experience using VR applications. None of them participated in the
first study.

5.5 Experimental Tasks, Procedure, and Design

5.5.1 Task. We use the same teleportation tasks described in Study 1 where participants were
required to teleport to a platform marked with a semi-transparent sphere. However, we made some
changes in Distance and Height variation to focus on difficult situations. Study 1 revealed that
participants were significantly slower when the target platforms were located far and when they
were required to teleport to high upward or downward trajectories. We hence keep only distant
targets (7.5 m and 11.5 m), and 3 height variations (from 0 m to 0 m, upward from 0 m to 5 m, and
downward from 5 m to 0 m).

5.5.2  Procedure. The study starts with similar briefing and settings to study 1. First, 30 practice
trials are given so that participants could familiarize themselves with VR teleportation without any
personalization technique (baseline condition for study 1). After the 30 generic trials, participants
started the experiment using each evaluated technique. They completed 15 practice trials before
starting each new technique, with a 2-minute break in-between to avoid arm fatigue. Each partic-
ipant completed 2 Distance X 3 Height variation X 2 blocks X 5 repetitions for each technique =
60 trials for each Technique. Participants had a 1-minute break between the two blocks of trials,
and another 2-minute break in-between technique. Once participants completed all trials, they
filled out a questionnaire to provide feedback on each Technique. A session lasted approximately 60
minutes including short breaks and practice trials.

5.5.3 Study Design. The study used a 5X2x3 within-subjects design for factors Technique (PAW,
SSQ, 1IQ, SIQ, ISQ), Distance (7.5 m and 11.5 m), and Height variation (from 0 m to 0 m, upward
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from 0 m to 5 m, and downward from 5 m to 0 m). With 2 blocks of 5 repetitions, each participant
performed a total of 300 trials. The order of Technique was counter-balanced between participants
and Distance and Height variation were presented in a random order for each technique. We logged
Trial Time and Error Rate where the Trial Time is measured by the time a user took to teleport
from the current position to the target location. Error Rate is defined by the number of times the
user attempted to teleport to a non-target destination. We also collected subjective feedback on
techniques via questionnaires.

5.6 Results

5.6.1 Trial time. We analyze log-transformed trial time with repeated measures ANOVA and post-
hoc pairwise comparisons with Bonferroni corrections. Technique has significant effects on trial
time (Fy 41 = 4.11, p < 0.01, n? = 0.23). The mean trial times are 2.96s ([2.84, 3.01]) for PAW, 2.71s
([2.61, 2.81]) for SSQ, 2.72s ([2.61, 2.83]) for I1Q, 2.97s ([2.83, 3.11]) for SIQ, and 2.88s ([2.76, 2.99]) for
ISQ. Post-hoc pairwise comparisons reveal that SSQ and IIQ are significantly faster than PAW (both
p < 0.001, Cohen’s d 0.45, Cohen’s d 0.42, respectively), SIQ (both p < 0.01, Cohen’s d 0.46, Cohen’s
d 0.43, respectively), and ISQ (both p < 0.01, Cohen’s d 0.33, Cohen’s d 0.30, respectively). No other
statistically significant differences between the techniques were observed. Results show that Height
variation (Fa,4 = 59.00, p < 0.001, n? = 0.81) and Distance (Fy 41 = 87.59, p < 0.001, n* = 0.86) have
also a significant effect on trial time. Post-hoc pairwise comparisons show differences between
all height variation pairs and between the two distances: Participants are faster when teleporting
to close targets (mean = 2.66s [2.59, 2.74]) or without height difference (mean = 2.63s [2.54, 2.71])
than when teleporting to distant (mean = 3.03s [2.96, 3.10], Cohen’s d 0.65) or elevated locations
(mean = 3.11s [3.02, 3.20], Cohen’s d 0.87). While there is no significant interaction effect between
Technique and Distance (F4 41 = 2.40, p = 0.06), results show interesting interaction effects between
Technique and Height variation (Fg 41 = 2.25, p < 0.05, n? = 0.14) - although with a small effect size.
There are significant differences between every Height variation for every technique (all p < 0.05)
except for SSQ and IIQ. Indeed, with IIQ, trial time is resistant to height variation for the two first
levels (mean = 2.45s [2.28, 2.62] and 2.63s [2.45, 2.83]) (p > 0.05), and different only with the largest
height variation (mean = 3.06s [2.92, 3.21]) compared to the two smaller variations (p < 0.001).
SSQ shows another trend: the smallest height variation (mean = 2.58s [2.34, 2.77]) leads to faster
trial times than with larger variations (mean = 2.72s [2.68, 2.98] and 2.83s [2.57, 2.88]) (p > 0.05),
but there is no effect on trial time between the two larger variations (p > 0.5). Thus, with none or
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Fig. 6. Mean (a) trial time across the techniques for different height variations and (b) error rate across the
techniques for different distances. Error bars show the 95% Cls.
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small height variations, only IIQ leads to significantly faster trial times than PAW (p < 0.05), while
with large height variations, only SSQ is significantly faster than PAW, SIQ, and ISQ (all p < 0.05).

5.6.2 Error Rate. We analyze error rate with Friedman tests with Wilcoxon tests for post-hoc
pairwise comparisons. The overall error rate is 16.1%. There is no significant difference in error
rates regarding Technique (y?(4, N = 15) = 5.92,p = 0.21), Height variation (y*(2,N = 15) =
1.73, p = 0.42), and Distance (z = —1.48, p = .14). Participants perform more errors when executing
far (10.5m, mean = 18%, SD 0.70) and elevated (5m, mean = 16%, SD 0.72) teleportation.

5.6.3 Preference Scores and Subjective Feedback. Similar to study 1, we collected users feedback on
their preference, fatigue, speed, accuracy and easiness on a 5-point Likert scale for each technique.
We analyze the data with Wilcoxon Signed Ranked Tests. We observe that Technique has no signifi-
cant effect on users’ preference (y?(4, N = 15) = 3.51, p = 0.48), fatigue (y?(4, N = 15) = 5.83,p =
0.21), speed (y*(4, N = 15) = 5.64, p = 0.23), accuracy (y*(4, N = 15) = 5.13, p = 0.27), and easi-
ness (y2(2, N = 15) = 10.78, p = 0.04). There is no other pairwise statistically significant differences.

Feedback from participants reveals that two preferred IIQ than other techniques. One participant
mentioned, "[I] especially liked IIQ as it felt like I could move the pointer without trying to hold
my hand steady" [P3]. Another participant commented that "IIQ helped me with my shaky hands,
and It was hard with other techniques, especially with the target located at a high elevation” [P5].
Participants also identified SIQ as a difficult technique for teleportation. One participant expressed
that "SIQ was a very hard technique for high targets" [P4]. They also noticed that some techniques
helped them reach close targets. One participant commented "For the ISQ and baseline techniques,
my accuracy was high when the targets were located at a closer distance" [P6].

5.7 Discussion

RQ2: How should the personalization of motor movements be remapped to the personalized motor
ranges?
We observed that using sensitivity functions to counteract the reduction of stability while offering
more control for teleporting to distant and elevated targets results in faster performance for SSQ
and IIQ. Our hypothesis that using an asymmetric sensitivity function that provided more coarse
control for such targets would result in better performance for high targets was also proven correct
as SSQ provided the best performance. As such, the sensitivity functions were demonstrated to be a
valuable addition to the full personalization option. PAWS (PAW + Sensitivity Functions) provides
an improved bare-handed teleportation experience. However, IIQ, the mirror opposite of SSQ, also
improved performance users’ teleportation performance. We observed that this is primarily due to
the lower Height variation (e.g., from 0 m to 0 m) and near Distance (e.g., 7.5 m) used in the study.
Interestingly, We also observed that SIQ and ISQ didn’t perform better than PAW, and worse than
SSQ and IIQ. Note that SIQ and ISQ used opposite sensitivity functions for arm movements, i.e.,
the horizontal arm extension (Agist) and the vertical arm movement (Ay). This suggests avoiding
using dissimilar sensitivity functions for closely coupled motor movements.

6 DESIGN CONSIDERATIONS
We interpret key insights from our results and provide the main takeaways.

e Consider Full Personalization (from study 1): In controller-based games (e.g., joystick-based
video games), users commonly control virtual characters offering the same abilities to every
user regardless of users’ physical attributes. However, in virtual reality, users commonly are
the characters in the virtual environment, and their physical attributes such as height and arm
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length, can result in different experiences due to differences. We hence advise a fully personalized
(i.e., PAWS) teleportation technique for significantly faster performance than partial (e.g., PAdist
in our case) and no personalization (i.e., Baseline in our case). In addition, users’ performance and
subjective feedback also reflect that a fully personalized hands-only teleportation technique helps
users with reduced arm movements and wrist flexion/extension abilities. Therefore, we suggest
future researchers and developers to consider providing fully personalized VR applications,
games, and interactions to provide better and equal experiences to users regardless of their
physical attributes.

e Use Sensitivity Functions For Hands-Only Teleportation (from study 2): Consider using
asymmetric sensitivity functions for arm movements and symmetric sensitivity functions for
the wrist to counteract the reduction of performance in extreme poses, significantly improving
users’ performance for distant and elevated targets.

— Map Motor Profiles to Sensitivity Functions: We suggest mapping asymmetric motor
movements with asymmetric functions and symmetric motor movements with symmetric
functions, also suggested in [26, 41].

— Combine Similar Sensitivity Functions For Connected Movements: Using similar sensi-
tivity functions for coupled movements (e.g., vertical and horizontal arm movements) provides
better performance than using dissimilar functions. We suggest designers to avoid using dis-
similar sensitivity function combinations for closely coupled motor movements as it decreases
performance.

— Choose Suitable Sensitivity Function Combinations: We observed in our context that
using SSQ helped reduce the trial time for high and distant targets, whereas IIQ reduced the
trial time for low and close targets. As such, designers should also consider context-based
senstivity functions for teleportation tasks in VR environments.

7 LIMITATIONS AND FUTURE WORK

Our exploration of hands-only teleportation presents some limitations. For example, we focused
primarily on controller-free teleportation and did not compare users’ performance with physical
controllers. A future study will explore similar limitations for controller-based teleportation as
the parabola launch angle in controllers depends on the radial and ulnar deviation of the hand
that holds the controller. Hand-based straight-line aiming for 3D Fitts law has been explored
[25, 31]. Therefore, rather than focusing on Fitts law, we investigated personalization in the context
of teleportation and kept our task design similar to previous work [11, 19, 34]. To avoid any
interference with other hand gestures and hand-based interactions, dedicated and unique gestures
could be used to enter or exit the teleportation system. We did not explore this in our work, but
promising directions have been explored in prior work [11]. Even though PAWS provides faster
performance than standard techniques, users were not able to reduce the relatively high error
rate (around 15%) for hands-only teleportation. We attribute this high error rate to our difficult
conditions (i.e., high and distant targets pushing the boundaries of the reachable area), this is still a
notable limitation. Future work can explore precise selection methods to lower this error rate. Our
studies had only 12 and 15 participants in study 1 and 2, respectively. This is a limitation, however
similar sample sizes were frequently used in HCI research [8]. We acknowledge that the height
parameters were based on North American averages. However, our participants covered a wide
range of extension and retraction values. For instance, we noticed arm vertical ranges with shoulder
height being the base (i.e., 0) position from -0.40m (SD 0.09) to 0.32m (SD 0.14), arm horizontal
ranges from 0.19m (SD 0.37) to 0.51m (SD 0.06), wrist extension and flexion ranges from +61° (SD
11.1) to -68° (SD 2.9). In the future, studies could focus more exclusively on body-related measures
as experimental factors to further validate the effectiveness of personalization techniques. We only
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explored a limited combination of sensitivity curves by reviewing previous works and running
pilots, thus excluding an exhaustive investigation of all possible combinations. Future studies can
be conducted by incorporating more combinations. Our task design did not consider any occlusions
or obstacles that might typically be present in realistic navigation tasks in 3D environments. We
also did not include multiple teleportation steps and other pointer types (e.g., straight line pointer).
A straight line pointer has been shown to have advantages for mid-air targets [34], its effectiveness
to platform based destinations, specially with and without personalization can be explored in a
future study. Given that our work represents one of the early studies exploring the factors relevant
to personalized teleportation, other key issues related to teleportation, such as occlusions, obstacles,
multiple teleportations, and different pointer types can be explored as possible future work.

In future, we aim to explore our controller-free navigation techniques for VR navigation on
smartphones. Wrist motions can we observed through the smartphone camera and can be adapted
to shift the user’s view in 3D space. Similarly, mobility is essential for a number of VR applications,
such as gaming or rehabilitation. We aim to explore means of integrating our devised teleportation
approach with common navigation interfaces. Finally, with recent developments, we envision
Mixed Reality interfaces that allow rapid navigation in virtual environments to support tasks in
the physical space. For example, for maintenance and repair, an application can allow the user to
switch to a VR environment wherein they can teleport between different instruction sets that are
laid out in the 3D virtual environment.

8 CONCLUSION

In this paper, we investigated hands-only personalized teleportation techniques considering users’
attributes, such as arm movement and wrist flexibility ranges. We first conducted a study exploring
personalized teleportation techniques while varying the degree of personalization. Results showed
that a higher degree of personalization improves user performance with teleportation - however,
the performance degraded for high and distant targets due to reduced motor stability and control.
We conducted a second study to further investigate these motor range boundaries issues. More
precisely, we investigated different sensitivity functions for hands-only personalized teleportation.
We found that asymmetric functions for arm movements and symmetric functions for wrist ex-
tension/flexion improved users’ performance in reaching high and distant targets, thus assisting
in human motor abilities for teleportation. To conclude, Personalized Arm and Wrist Movements
with Sensitivity functions (PAWS) provides users with an enhanced teleportation experience and
should be considered for designing future bare-handed VR techniques.
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